-P. GUYOT. 1999. Nine phylogenetic oligonucleotide probes were used to describe at the genus level the microbial community responsible for the spontaneous fermentation of maize, leading to the production of Mexican pozol.
INTRODUCTION
In order to understand the ecology of fermented foods, it is of primary importance to obtain a reliable description of the microbial community structure and to identify the physiologically active organisms. Classically, these questions are addressed through the enumeration of some microbial groups on various culture media, followed by the identification of some dominant micro-organisms by taxonomic and/or phylogenetic methods (see, for example, the studies of traditional fermented foods by Halm etal. 1993; Hounhouigan etal. 1993; Johansson etal. 1995; Brauman etal. 1996; Hamad et al. 1997) . These methods are generally fastidious, timeconsuming, and only a limited number of strains can be identified. In addition, the cultivation steps intrinsically imply selection of the organisms studied, therefore introducing bias. In particular, no ideal medium exists that may yield the total microflora of an environmental sample, and the estimation of the relative abundance of a given taxon is therefore distorted or even impossible (see, for example, Brauman et al. 1996) .The importance of uncultivated micro-organisms has been demonstrated in many different environments such as hot springs, soil, gastrointestinal tracts etc. Culture-independent methods have led to a more realistic view of microbial diversity in these ecosystems, including the description of uncultivated bacteria of known phyla and the discovery of new bacterial phyla (for a recent review see Hugenholtz et al. 1998) . The same could apply to spontaneous fermentations of starchy foods which have been shown to be reservoirs of so far undescribed species of lactic acid bacteria (e.g. Vogel etal. 1994; Morlon-Guyot etal. 1998 ). There is a clear need for cultivation-independent methods to quantify the microbial communities of fermented foods. Stahl etal. (1988) have shown that it is possible to quantify microbial groups in the rumen by hybridization of total rRNA with phylogenetically-based probes. Although the rRNA content is known to vary among cell types depending on the growth rate and starvation conditions (Flardh etal. 1992; Kemp etal. 1993 ), Poulsen etal. (1993 suggested that it serves for the semi-quantitative assessment of the more active component of a microbial community. This approach has been successfully used to quantify specific microbial groups (human faecd Bacteroides, Doré et al. 1998 ; methanogens in anaerobic reactors, Raskin et al. 1994a Raskin et al. , 1994b and to describe total microbial communities (from anaerobic alkaline aquifers, Fry et al. 1997 ; from gastrointestinal tracts of domestic animals, Lin Pozol is a traditional fermented maize dough prepared by Indians and Mestizo in south-eastern Mexico and Guatemala (Ulloa and Herrera 1986) . Kernels of white maize are cooked in the presence of lime and washed to remove the pericarps. The grains are then coarsely ground, shaped into balls, wrapped in banana leaves and allowed to ferment at ambient temperature for 2-7 or more days. The fermented dough is suspended in water and drunk as a refreshing beverage. A wide variety of micro-organisms have already been isolated from this spontaneous fermentation, including fungi and yeasts, lactic acid bacteria, and other non-lactic bacteria (Ulloa 1974; Nuraida et al. 1995; Wacher-Rodarte 1995) , but little is known of the ecophysiological importance of these In this study, the abundance of the active microbial populations in this fermented food was evaluated by using taxonspecific oligonucleotide probes targeted against extracted rRNA, with a particular emphasis on lactic acid bacteria. I l organisms.
MATERIALS AND METHODS

Pozol samples
POZd samples of different fermentation times were of the mestizo white type, purchased from producers in Villahermosa, Tabasco (Mexico) .
Microbial strains and culture conditions
Microbial strains used as controls are listed in Table 1 . Lactic acid bacteria were grown in MRS (de Man etal. 1960) or M17 media, Co ynebacteriuni glutamicuiìt on BB (bactopeptone: 2Ogl-'; beef extract 2Ogl-'; NaCl 5 gl-'), Clostridium acetoltutylicuni on 2YTG (bactopeptone, 16 g 1-' ; yeast extract, 10 g1-I; NaCl, 4 g 1-I; glucose, 5 g 1-' under strictly anaerobic conditions), Xantltonionas campestris and Eschericliìa coli on LB medium, and Saccharontjas cerevisiae on YPD (yeast extract, 10 g1-I; bactopetone, 10 g1-l; glucose, IO g1-l).
Enumeration of micro-organisms
Serial dilutions of homogenized pozol samples were used for microbial enumerations. Total culturable lactic acid bacteria were enumerated on a s . The total microflora was enumerated using PCA (Plate Count Agar, Difco). Three independent enumerations were performed, each one in triplicate.
Extraction of RNA Total RNA was extracted from homogenized pozol bowls using an optimized method adapted to samples with a high starch content (Ampe et al. 1998) . A 1 g sample of pozol was resuspended in 10ml sterile water, homogenized for 30s at maximal speed in an Ultraturrax T25 (Janke & Kunkel, IKA@ Labortechnik Fischer, Elancourt, France), and centrifuged for 1 min at SOOg. The recovered pellet was extracted twice more with 10ml sterile water. The combined supernatant fluids were used for further extraction of the RNA. After centrifugation for 10min at 12000g, the cell pellets were kept overnight at -80 "C. Cells were resuspended in 400 p1 TS buffer (TrisCl 50 mmol 1-' pH 7-5-1OYo sucrose) and transferred to sterile microcentrifuge tubes; 400 pl of 0-2 U p1-l lysozyme (Eurobio) in TrisCl 50 mmol 1-' pH 7.5 plus 20 pl of 1 U pl-' mutanolysin (Sigma) were added to each sample and the tubes incubated for 30 min at 37 OC. A 100 p1 volume of 5mol1-' NaCl and Sop1 of 10% hexadecyltrimethyl-ammonium bromide (CTAB, Sigma)-0.7 moll-' NaCl were added to each sample and the suspension was incubated for 10 min at 65 "C. Hot (65 OC) 20% SDS (30 pl), SOO pl hot water-saturated phenol p H 4-5-5.0 (Eurobio), and 200 pl 2% hot bentone MA (Rheox Inc.) were then added to each sample. Tubes were incubated at 65 "C for 6 min and mixed by inversion every minute, followed by microcentrifugation for 10min at 12 OOOg. The aqueous phase was transferred to a new tube and another extraction was performed with acid phenol, followed by hvo extractions with phenol : chloroform : isoamyl alcohol (25 : 24: 1) and one extraction with chloroform. The resulting aqueous phase was precipitated by the addition of a 0.15 volume of sodium acetate (2 mol I-', pH 5.2) and 2.5 volumes of absolute ethanol. Samples were held at -80 "C for at least 1 h and again centrifuged. RNA pellets were washed twice with 70% ethanol ¶ dried briefly under vacuum, dissolved in 50 pl water and stored at -80 "C.
Total RNA from pure cultures was extracted from exponentially-grown cells using the same procedure but omitting the differential centrifugation and precipitation with CTAB. The quality of the RNA recovered was routinely checked on formaldehyde-agarose gels and RNA was quantified spectrophotometrically (Sambrook et al. 1989) .
Hybridization probes
The nine oligonucleotide probes used are detailed in Table  2 . The given Tw indicate the washing temperatures of the stringent washes. All are published probes, with the exception of probe S-'-Lab-O722-a-A-25 modified from Sghir et al. (1998) by introducing two mismatches to target all the lactic acid bacteria, and Lab158 (Welling, personal communication). Specificity of the probes was checked with the CHECK-PROBE command of a recent release of the RDP (Ribosomal Database Project) facilities (Maidak et al. 1999; http: \\www.cme.msu.edu/rdp/; last verification: September 1998). Synthetic HF'LC-purified oligonucleotides (Eurogentec, Belgium) were 3'-end labelled with digoxigenin fol- Hybrization with 16s-rRNA targeted probes (see Table 2 
+Oligonucleotide Probe Database . $Washing temperature in 1 x SSC and 1% SDS. $Original probe was modified by the introduction of two mismatches.
lowing the 'instructions of the manufacturer (Boehringer Mannheim).
Quantitative hybridization
RNA blotting was performed as described by Stahl etal. (1988) . RNA was denatured by addition of 3 volumes 2% glutaraldehyde, immediately before dilution, to 0.5-20 pg ml-' in 1 p g poly(A) (Sigma) ml-' (Stahl et al. 1988) . Samples were applied in a total volume of 100 pl to Hybond N + nylon membranes (Amersham, Les Ulis, France) using a slot-blot device (PR648, Hoeffer Scientific Instruments, San Francisco, CA, USA) under slight vacuum. The membranes were air-dried and baked for 30 min at 80 "C before hybridization. Baked membranes were pre-hybridized in 20 m l hybridization buffer (0.9 mol 1-' NaCl, 50 mmol 1-' NaPo+ 5 mmol 1-' EDTA, 10 x Denhardt solution (Sambrook etal. 1989) and 0.5mg of poly(A) ml-' (pH7)) for 2 h at 40°C. Hybridization was performed overnight at 40 "C with 10 ml hybridization buffer containing the labelled probe. Membranes were washed twice in 100ml 1 x SSC (0-15moll-' NaCl, 0-015 mol 1-' sodium citrate)-lYo SDS at the indicated Tw (Table 2 ) for 30min. Chemiluminescence was then detected according to the manufacturer's instructions (Boehringer Mannheim). Bound probe was quantified by densitometry relative to reference standards after autoradiography.
Hybridization controls are listed in Table 2 . The R N A content of controls was estimated by hybridization with the universal probe S-*-Univ-1390-a-A-18 prior to their use as internal standards, with E. coli R N A (Boehringer Mannheim) as absolute standard. The abundance of each micro-organism is expressed as the fraction of the total rRNA in the sample (namely RNA indexes). The lower limit for detecting a unique SSU rRNA in the 2 p g of nucleic acid spotted on the membrane was approximately 5 ng of SSU-like rRNA. For each sample, three identical series of twofold dilutions were used. Results are expressed as the means of the three repetitions f standard deviation.
RESULTS
Probes specificity
A computer-assisted specificity control of the probes was hitially performed using the CHECKJ'ROBE function available with Ribosomal Database Project facility (RDP; Maidak et al. 1999) . Probe Lab0722 modified from Sghir et al. (1998) matched the lactic acid bacteria of the eight genera (Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococczcs, Streptococcus and Weissella) of the database with zero or one mismatch only. The probe target sequence is also present in the 16s rRNA sequences from Staphylococcus species and only a few other non-LAB Grampositive bacteria. The specificity of all probes was then checked experimentally using R N A extracts from 38 different strains. Aliquots (100 ng) of each sample were slotted on nylon membranes, and nine identical membranes were, respectively, hybridized with each of the nine probes used in this study. Matches between probes and target organisms are summarized in Table 1 , and the results obtained with probes targeting groups of LAB (Lacb0722, Lab158 and Strc493 (Franks etal. 1998) ) are shown in Fig. 1 . The specificity of the Lab0722 probe for lactic acid bactpia (33 strains from the eight different genera) was absolute in comparison with similar hybridizations using the universal probe (Fig. 1) 
Microflora of pozol
The strategy developed by Stahl etal. (1988) for studies of groups in pozol. Total RNA wids extracted from pozol, slotted 06 membranes and hybridized with nine phylogenetic probes (see Fig. 2 for an example with probe LUZ). Universal probe S-*-Univ-139O-a-A-l8 was used as a reference (100%) to estimate the relative hybridization signals or RNA indexes (i.e. specific rRNA/total rRNA) for the eight other probes (Table 3 ). The eukaryotes represented 10-2 f 0.1% and 4 3 f 1.9% of small subunit rRNA in the 12h and 5 d fermented samples, respectively, whereas the majority of the microflora consisted of eubacteria (70.8 f 13.7% and 87.5 f 11.5, respectively). The sum of the domain probes (eukarya + eubacteria) signals was within the range of 100 f 25%. Although this result was expected, it provided a necessary control on the experimental validity of the technique used (Lin etal. 1997) . Within the bacterial domain, lactic acid bacteria were by far the dominant microflora.
In the 12h fermented sample, the lactic acid bacteria accounted for 80-4 f 13.9% of the active flora. Lactococcus and Leuconostoc were the dominant genera, with respective RNA indexes of 33.3 f 3.5% and 25-4 f 3.7%. This was confirmed by the high value of the signal given by the 
The resulting indexes were 19.5% and 15.7% at 12 h, and 28-3% and 30.2% after 5 d of fermentation. The good agreement between these independent estimations validates the use of these probes and confirms that Streptococcus strains represent a significant fraction of total LAB in the tested sample. Finally, to obtain an estimation of the fraction of lactic acid bacteria that can be recovered from pozol, total LAB and total flora of 5 d fermented pozol were enumerated using MRS and PCA media, respectively. Total flora was 1.2 0-49 lo9 cfu (g pozal)-' and total LAB was 5-9 k 2.3 10' cfu (g pozal)-', the latter organisms thus representing around 50% of total flora using this method.
DISCUSSION
The results show that it is possible to obtain an estimation of the relative importance of microbial groups in fermented foods without going through the isolation of micro-organisms. In addition, the quantification of rRNA provides information on the active groups, as it has been shown that rRNA content in a microbial ce11 is directly related to this cell's metabolic activity. This may be of particular importance in the case of filamentous fungi, as well as for some yeasts, for
The Society for Applied Microbiology, Journal of Applied Microbiology87, [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] and related genera (Pediococcus and Weissella). Streptococcus spp. were also significantly represented, as evidenced by the high signal given by probe Strc493. This probe also targets Leuconostoc and Lactococcics, but these two genera were shown to represent only a minor fraction of the total flora. which estimation of biomass is difficult to obtain by plate counts because of the intrinsic nature of the filaments. In this respect, quantification of RNA may 'be seen as a very good indicator of these organisms' metabolic activity in fermented foods, especially those where mixed populations of LAB and yeasts are involved such as sourdough, kefir and cassava retting. As such, the relatively low numbers of yeasts and fungi enumerated in pozol (lo6 cfu g-' out of a total of over lo9 micro-organisms) by Wacher et al. (1993) may not reflect the real ecological role of eukaryotes compared with the high RNA indexes measured in this study. Sghir et al. (1998) quantified LAB in pork gastrointestinal tract using a single LAB probe. The results presented here provide the first example of quantification of LAB in a fermented food without cultivation. It is also the first description of the structure of a LAB community in the environment using a combination of several probes targeting LAB. I n particular, it is thought that the Lacb0722 probe may be used as a good indicator of the total LAB in hitherto poorly described environments, but also in many fermented foods from which LAB have already been isolated and characterized without showing any ecophysiological significance (e.g. Hamad etal. 1992; Johansson etal. 1995) . In addition, two probes previously described for the identification of LAB at the genus level can be used for quantification of Leucoicostoc and Lactococcus. Two independent probe' combinations were also successfully used to estimate the relative abundance of Streptococcus. The case of Lactobacillus i s more complex due to the heterogeneity of this genus. The Lab158 probe is a good indicator of lactobacilli sensic lato, including the genera Lactobacillus, Leucopostoc, Oenococczcs, PediococczLs and Weissella, but also of Enterococcus. Therefore, there is a need to develop more specific probes for the phylogenetic groups of lactobacilli as described by . Furthermore, a wide number of species-specific probes for LAB have been described (see Schleifer etal. 1995 for a review), though only a few have been really tested in ecological studies. After experimental validation, they may be used in the same context as that described here.
Quantification using rRNA-targeted probes was compared with enumerations in MRS for one of the samples. The results strongly suggested that enumeration using MRS underestimated the relative importance of LAB; rRNA counts showed that LAB represented more than 90°/o of the active population in this sample, but only 50% by plate counts. In addition, the data obtained by rRNA quantification were more precise than those yielded by plate counts.
A few studies have reported on the isolation and characterization of LAB from pozol, including heterofermentative O 1999 The Society for Applied Microbiology, Journal of Appried Microbiology87, [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] and homofermentative Lactobacillus spp., Lactococcus spp. and Leucoltostoc spp. (Wacher et al. 1993; Nuraida et al. 1995) , but so far none had clearly stated the metabolic importance of these genera. The present results clearly demonstrate the overwhelming predominance of the LAB group sensu stricto and the ecological significance of LAB genera; Lactococcus and Leuconostoc strains are probably dominant at the early stage of fermentation, whereas Lactobacillus strains are more important at the end of the process. Such a LAB population succession has already been observed during cassava retting, a spontaneous fermentation performed in the Congo (Brauman etal. 1996) ; on the first day of fermentation, the isolated LAB were mostly members of the genera Lactococcm and Leuconostoc, the more acid-tolerant Lactobacillus only developing at the later stage of the process. A similar phenomenon was also described for other non-dairy lactic-acid fermentations, such as cucumber - (Pederson and Albury 1961) and sauerkraut (Daeschel et al. 1987) .
The spontaneous fermentation of maize is not restricted to the production of pozol, and this cereal is used in a wide number of other fermentations in tropical countries. T o study the microflora of maw6 in Benin, Hounhouigan etal. (1993) isolated and identified 120 LAB strains. These were mainly Lactobacillus strains, with a predominance of Lact. femiientum and Lact. reuteri (60% of isolated strains) at all stages of fermentation, whereas Lactococcus (two strains out of 120) and Leucoiiostoc (two strains out of 120) represented minor genera. As one of the important questions in the study of spontaneous fermentations is to determine whether it is the substrate or the food matrix which is driving the process, or whether external conditions such as pH, oxygen and water activity are mtxe important in the selection of the active microflora, it is interesting to compare different kinds of fermentation processes performed on the same substratum. Future work will indicate whether the very low number of Lactococcus and Leuconostoc isolated from mawè compared with pozol is due to a difference in the process (e.g. maize is not treated with lime in Benin) or to a bias in the isolation of LAB with culture media. Quantification of RNA in maizefermented foods of different origin using the approach described should be able to address such a question.
The presence of enterobacteria in pozol has been reported by Wacher-Rodarte (1995) . In addition, Simango and Rukure (1992) have shown that some enterobacteria can develop in maize porridge, even though they do not survive acidic conditions. Our results demonstrate that although enterobacteria were not detected by RNA hybridization at the beginning of the fermentation, their number increased during the preparation of pozol to reach a detectable fraction of the active micro-organisms. The reason why these enterobacteria are not totally inhibited by the development of LAB is not clear, and this problem should be addressed in order to improve the quality of this food product.
.
CONCLUSION
Only a few studies in microbial ecology have reported the use of total RNA quantification using phylogenetic probes, although this approach allows the elimination of bias due to cultivation-dependant methods or molecular strategies using PCR amplification (von Wintzingerode et al. 1997 ). This work shows that RNA quantification is applicable to fermented foods, though it relies on the development of more phylogenetic probes, and may prevent the time-consuming isolation and identification of micro-organisms from fermented foods.
